We measure the resistivity of platinum-silicide nanowires ͑Pt 2 Si NWs͒ epitaxially formed on a Si͑100͒ surface using double-scanning-probe tunneling microscope. Despite the large Schottky barrier height reported on a macroscopic Pt 2 Si/ n-Si interface, leakage current through the substrate is observed in the resistance measurement, and is quantitatively estimated to be separated from the current through the nanowire. The measured resistivity of Pt 2 Si NWs is about half the reported resistivity of thick Pt 2 Si films, which could be due to additional conduction paths through surface or interface states on NWs.
We measure the resistivity of platinum-silicide nanowires ͑Pt 2 Si NWs͒ epitaxially formed on a Si͑100͒ surface using double-scanning-probe tunneling microscope. Despite the large Schottky barrier height reported on a macroscopic Pt 2 Si/ n-Si interface, leakage current through the substrate is observed in the resistance measurement, and is quantitatively estimated to be separated from the current through the nanowire. The measured resistivity of Pt 2 Si NWs is about half the reported resistivity of thick Pt 2 Si films, which could be due to additional conduction paths through surface or interface states on NWs. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.2935329͔ Nanowires ͑NWs͒ have drawn attention owing to their potential for various applications in nanoscale electronic devices 1 as well as their unique physical properties different from those of bulk materials. 2, 3 Electrical interconnections for nanodevices are one of the important directions for utilizing NWs. Rare-earth ͑RE͒ silicide NWs were suggested as good candidates for interconnecting materials [4] [5] [6] [7] and some of them have been experimentally shown to be conductive. [8] [9] [10] However, RE metal silicide NWs are easily oxidized, so that inert NWs are desirable. Previously, we focused on Pt, which is a noble metal not oxidized in a normal atmospheric environment, and reported that Pt silicide NWs grow on a Si͑100͒ surface by anisotropic lattice mismatch similarly to RE metal silicide NWs. 11 It is essential to study the electrical properties, especially the electrical transport property of these NWs, before working on nanodevices with Pt silicide NWs.
In this study, we measure the resistivity of Pt silicide NWs whose heights and widths are less than 1 and 10 nm, respectively. A home-built double-scanning-probe tunneling microscope ͑DSP-TM͒ is used to measure the resistivity of the NWs. 10, 12 The measured resistivity of Pt silicide NWs is about half the reported resistivity of a 100-nm-thick film. 13 This is in contrast to many previous reports that show that the resistivity increases with decreasing size of conductors. 10, 14, 15 All measurements including scanning tunneling microscopy ͑STM͒ were performed at room temperature in an ultrahigh vacuum ͑UHV͒ chamber with a base pressure of 7 ϫ 10 −9 Pa. The UHV chamber was equipped with DSP-TM that drives two STM probes independently at atomic resolution. 10, 12 In the resistance measurement with DSP-TM, stable contact between probes and NWs was achieved using Pt-coated W probes without serious damage to the probes or the NW. 10 Figure 1͑a͒ shows a Pt silicide NW epitaxially formed on a Si͑100͒ surface. These NWs are composed of bulklike tetragonal Pt 2 Si and the c axis of the Pt 2 Si lattice is perpendicular to the NWs.
11 Figure 1͑b͒ shows a magnified image of a Pt 2 Si NW. The typical height and width of the NWs in the STM profile were 0.5-1.0 and 5 -10 nm, respectively ͓Fig. 1͑c͔͒. The region around the NWs show a c͑4 ϫ 6͒ reconstruction which was also induced by Pt deposition. 11, 16 The scanning tunneling spectrum indicates that the c͑4 ϫ 6͒ region has a small energy gap around the Fermi level, while the NW has finite local density of states at the Fermi level. 11 Thus, selective electron conduction through the NW is expected. After the NW to be measured was selected, two probes were positioned on both ends of the NW while confirming their positions by obtaining STM images. Each probe was placed in contact with the NW, in which the vertical positions of the probes were carefully determined to make reproducible contact conditions ͑see Ref. 10͒. Then, the bias voltage between the two probes was swept and the current between the probes was measured. This procedure was repeated on the same NW while approaching the two contacting probes. Fig. 2 . When a probe was placed in contact with the surrounding c͑4 ϫ 6͒. region, almost no current was observed even when the other probe was placed in contact with the NW ͑see the other plots in the lower-right inset of Fig. 2͒ . From the slope of the I-V curve, we calculated the resistance ͑R͒ between the two contact points. R and L show a linear dependence, as shown in Fig. 2 , indicating the diffusive transport through the Pt 2 Si NW. Then, we estimated resistivity ͑͒ from the slope of Fig.  2 using the classical equation of resistance
where R cc is the sum of contact resistances between each contacting probe and a NW and S is the cross-sectional area of a NW. The measured slope of the R-L curve corresponds to / S and was 20.1Ϯ 3.0 ⍀ / nm, while R cc was estimated to be 29.7Ϯ 0.4 k⍀. However, it is difficult to determine the cross-sectional area with only the STM images because the metal silicides formed on a Si substrate sometimes grow underneath the substrate. 17 Therefore, we observed the cross section of the NWs with a transmission electron microscope ͑TEM: JEOL JEM-2000EX operated at 200 kV͒ to accurately determine the of Pt 2 Si NWs. Figure 3͑a͒ shows a high-resolution TEM image of a Pt 2 Si NW cross section perpendicular to its longitudinal direction. The sample was once exposed to air after the formation of Pt 2 Si NWs, and introduced into the TEM chamber. By examining several cross-sectional images, we conclude that Pt does not penetrate into the Si substrate, and that the average height of NWs, 0.78Ϯ 0.06 nm, agrees with the apparent height in STM profiles. Thus, the cross-sectional area of the measured NW was estimated to be 6.80Ϯ 0.64 nm 2 from the STM profile and the of Pt 2 Si NWs was calculated to be 13.7Ϯ 2.4 ⍀ cm using Eq. ͑1͒. Note that the apparent height of the Pt 2 Si NW was almost stable in the typical sample biases ͑Ϯ1-Ϯ 2 V͒.
The interface resistance ͑R int ͒ between the Si substrate and the Pt 2 Si NW was experimentally measured to be 47Ϯ 4 k⍀. 18, 19 As shown in Fig. 2 , the measured resistance of the Pt 2 Si NW at the longest interprobe distance ͑R p-p ͒ was 25.4Ϯ 3.9 k⍀ after the subtraction of R cc , so that R int was comparable to the resistance of the NW. One wonders how seriously the leakage current through the substrate affected the present measurement. With the measured R p-p and R int , we roughly estimated the ratio of leakage component in the measured interprobe resistances with a simple model based on the finite element method ͓Fig. 3͑b͔͒. 20 Figure 3͑c͒ shows the simulated ratio of dR / dL in R-L measurement including the leakage component to that excluding leakage current as a function of R p-p / R int . 21 The R p-p / R int in the present measurement can be calculated as 0.54, so that it is suggested that less than 10% of the current flows through the Si substrate in the present R-L measurement.
The reported Schottky barrier height between the n-type Si substrate and the Pt 2 Si film was 0.85 eV. 13 The image force lowering ͑IFL͒ at the interface between the Pt 2 Si NW and the n-type Si substrate was calculated to be only 0.06 eV under the assumption that the NW was an infinitely long cylindrical Pt 2 Si with a diameter of 10 nm. 18, 22 On the basis of the conventional thermionic emission model while taking the calculated IFL into account, the R int of an ideal Schottky barrier was calculated as 3.3ϫ 10 14 ⍀, 23, 24 which far exceeds the experimental value of 47Ϯ 4 k⍀. It was reported that the surface states surrounding the nanosized metal contact on a semiconductor substrate pinned the Fermi level of the surrounding surface and induced band bending under the surface, which affected the potential distribution even under nanosized metal contact. 25 Thus, it is likely that the surrounding c͑4 ϫ 6͒ region makes the depletion layer under the Pt 2 Si NW extraordinarily shallow, resulting in a large tunneling current through the interface. Although this is a disadvantage for utilizing Pt 2 Si NWs as interconnections, the interface resistance can be tuned if we appropriately control the surrounding surface states.
The estimated of Pt 2 Si NW, 13.7Ϯ 2.4 ⍀ cm, was smaller than that of the bulk Pt 2 Si ͑30 ⍀ cm in a 100-nm-thick film 13 ͒ even if we consider the leakage current through the bulk, as mentioned above. It has been reported for various conductive materials that increases as size decreases owing to inelastic surface scattering, 10, 14, 15 which is known as the Fuchs and Sondheimer ͑FS͒ model. 26, 27 In the case of Pt 2 Si, however, the of NWs was rather lower than that of the bulk, which cannot be explained by the FS model. One possible reason is the formation of a space charge layer along the NW, which causes a larger substantial crosssectional area of the NW. The current through the space charge layer cannot be separated from the current through the NW itself using the model shown in Fig. 3͑b͒ . However, even if we assume the most enhanced inversion layer, i.e., without IFL and additional band bending due to surrounding surface states, the interface resistance between the inversion layer and the Pt 2 Si NW can be calculated to be 2.3 M⍀ on the basis of the conventional thermionic emission model, 23, 25 which is large enough to exclude the current through the inversion layer.
The most plausible mechanism of the small of Pt 2 Si NWs found in this study is the contribution of the conduction path through surface or interface states on the NW. The electrical conduction induced by the surface states has already been reported in various systems, most of which were reported on Si surface reconstructions. 20, [28] [29] [30] In this study, however, what we found is a lower of a bulklike NW than that of the bulk material, which was hardly found in other nanosized conductors. 10, 14, 15 This small would be an advantage for the use of these NWs as nanoscale interconnection although further experiment is needed to confirm their conducting mechanism.
In conclusion, the resistivity of Pt 2 Si NWs epitaxially formed on a Si͑100͒ surface was measured using DSP-TM and was about half of the reported resistivity of the Pt 2 Si film, which could have been caused by additional conduction paths through surface states on the Pt 2 Si NW. The leakage current through the substrate was quantitatively estimated by the finite element method. The present measurements show the high ability of DSP-TM for the nanoscale measurement of electrical transport.
